Estimating the residual strength of fire-exposed reinforced concrete (RC) structures is of great importance in determining whether the cooled structure is safely functional or immediate repair is needed. This paper describes the results of experimental and numerical investigations on fire and post-fire structural responses of a 2-story moment-resisting RC frame test specimen. The lower story of the test specimen, which was subjected to service loads, was heated for 60 minutes in accordance with the ISO-834 standard fire test. The test specimen exhibited a satisfactory structural performance during the fire course and considerably recovered much of its pre-fire deflection state when cooled. To investigate the re-serviceability and residual load bearing capacity of the cooled test specimen, a destructive cyclic vertical loading was conducted. A detailed 2D finite element model was developed as well. By comparing the test and analysis results, it was found that due to the fire damage the test specimen lost 30% of its load bearing capacity. The proposed numerical modelling approach in this study predicted considerably well the post-fire residual strength of the test specimen.
Introduction
The destructive impact of building fires on post-fire structural performance of RC building structures has always been a matter of concern among building users, city authorities, and fire safety structural engineers. Installation of fire safety equipment, thermally insulating structural elements, and performing effective fireextinguishing efforts can considerably contribute to preserving the pre-fire structural performance of the cooled structural elements. Technical reports on previous fire incidents in RC buildings and fire tests on RC structures have proven that the conventional seismic design guidelines integrated with the prescriptive fire-resistive design tables could well satisfy the required fire ratings indicated in the codes (Bailey 2002; Xiao 2008; Fang et al. 2012; Bisby et al. 2014; Raouffard and Nishiyama 2015) . Such a superior fire-resistive performance of RC building structures is largely due to the excellent thermal barrier characteristics of concrete, i.e. relatively low thermal conductivity and high thermal capacity, which enables the structure to protect the embedded reinforcements and core concrete. Nevertheless, as a result of severe fire exposures the building structure could experience significant reductions in strength and stiffness. Recovery of pre-fire structural response is largely depending on the extent of damage to concrete and steel reinforcing bars during fire and cooling stages. Previous research by Japanese Society of Steel Construction (1969) has shown that steel reinforcements below 600℃ can almost fully recover their pre-fire mechanical properties. On the other hand, it has been experimentally proven by Morita et al. (2000) that concrete does not only naturally recover its strength, but also exhibits extra 10 to 20 % strength loss in following days after fire. Such reductions in strength and stiffness of the cooled concrete are attributed to the occurrence of a series of irreversible chemical and physical changes in cement paste and aggregate of concrete hinders concrete strength recovery. Therefore, it is rational to expect a certain degree of loss in stiffness and load bearing performance of fire-exposed RC structures when cooled.
Estimating the abovementioned structural impact of fire damage on RC building structures after extinguishing the fire is a challenging task. The importance of this task is highlighted when the outcome estimation determines whether the structure is safely functional or immediate repair (partially or thoroughly) is needed. According to the in-place post-fire investigations by Alonso (2009) , Anderberg (2009) , and Venanzi et al. (2009) , in most of the cases having known the most critical temperatures attained by the structural members and the extent of visible structural damages, an experienced fire safety structural engineer can issue a preliminary safety judgement. However, performing accurate evaluation of the mechanical response of a cooled structure requires further detailed investigations by means of either conducting destructive residual strength tests or numerical analysis or a combination of both. A number of experimental studies on post-fire residual load bearing capacity of reduced scaled RC structures can be found in the literature (Lin and Tsai 1990; El-Hawary et al. 1996; Lin et al. 1999; Jau and Huang 2008; Chen et al. 2009 ). Although the testing approach is the most reliable method, cost concerns and limitations in furnace space and loading facilities inevitably reduce the dimension and/or boundary (support) conditions of the test specimens. Such inevitable limitations could in turn causes difficulties in drawing comprehensive comparisons between the test and the real scale structures. On the other hand, owing to the development of numerical methods a great interest in employing such approaches for evaluating fire and post-fire structural responses of RC structures can be seen in the literature as well (Kodur 2010; Kodur and Agrawal 2016) . These methods could be adopted as an alternative residual strength estimation approach; however, as these methods are generally developed and verified for isolated members exposed to standard fires, the produced results for compound structures such as in moment bearing frames should be analysed and handled with special care.
In this paper in an attempt to investigate the residual load bearing capacity of a cooled moment-bearing RC frame, the authors carried out the ISO-831 standard fire test (1999) on a 2-story compound test specimen subjected to service loads in the first place. The fire test ended in 60 minutes when the beam's bottom longitudinal reinforcement bars of the test specimen exceeded the predefined critical temperature 500℃ in this study. Six months later, the cooled test specimen underwent a cyclic residual strength test. As no identical test specimen was constructed for the purpose of measuring the ultimate load bearing capacity before heating, the pre-fire load bearing capacity of the test specimen was numerically investigated through performing finite element (FE) analysis. By proposing an analytical framework in this study, the authors enabled the FE model to predict the residual structural response of the test specimen with considerably good accuracy.
Experimental program
2.1 Fire test 2.1.1 Test specimen and fire test facilities For the purpose of this research, the compound RC moment-bearing frame test specimen (RCF2) from a previous research (Raouffard and Nishiyama 2015) was selected. The following is a brief review of the test specimen. For more details about the design and construction the reader is referred to the abovementioned paper by the authors. The test specimen is schematically illustrated in Fig. 1 . As can be seen in the figure, the reinforced concrete part of the test specimen consisted of two 1250 x 250 x 250 mm columns and one 2400 x 200 x 250 mm beam. The top and bottom beams were H-shape steel beams (250 x 250 x 9 x 14), which were firmly fixed to the concrete columns via post-tensioned steel rods. The geometry of the test specimen was determined so as to use the optimum available installation space of a 6500 x 2000 x 1000 mm full-scale furnace. Thus, the test specimen in this study could represent a 1/3~1/2 reduced scale structural frame in practice. The compressive strength of concrete (normal weight with siliceous aggregate) was 31.3 MPa and its moisture content was 5.9%. The yielding stress of D19 and D16 longitudinal reinforcements of the beam and columns were 408 and 351 MPa, respectively. The yielding stress of D10 transverse steel bar was 377 MPa. The RC beam was anchored to the left and right columns in Fig. 1  with 90 o hook and mechanical (headed) anchorages, respectively. Two vertical loads of 30.9 kN were subjected to the RC beam at the locations shown in the figure. The loads were calculated in accordance with the allowable stress design method of Japan (AIJ Design Guidelines for Earthquake Resistant RC Buildings based on Inelastic Displacement Concept 2004) to serve as the acting service loads during the course of fire in this study.
The first story of the test specimen, i.e. the two lower columns, concrete beam (except the top face), and bottom steel beam, was installed in the furnace. The bottom steel beam and steel rods were thermally insulated with several layers of fire resistive sheets and gypsum paste. Several cross-sections of the test specimen were instrumented with φ0.65 JIS Class II thermocouples. The locations of this cross-sections (thermal cross-sections) as well as the arrangement of thermocouples are shown in Fig. 1 . Moreover, furnace air temperature at locations close to the surface of test specimen was measured by beam-type thermocouples pin-pointed in the figure as well. 
Fire test and results
Heating: 60 minutes before commencing the fire test, the concrete beam was gradually loaded to the design load level. After checking the stability and safety of the test specimen and test facilities the test specimen was once unloaded and reloaded prior to commencing the fire test. The furnace heated the test specimen in accordance with ISO-834 standard fire curve. Figure 5a shows a photo of the beam-column assembly of test specimen taken from 100x100 mm observation window of the furnace. The heating finished after approximately 60 minutes when the bottom tensile reinforcements of beam exceeded the predefined critical temperature, 500 ℃ , in this study. At this temperature steel reinforcing bars exhibit 45% loss of room temperature yield strength (see Table 2 ). Beyond this temperature, a simply supported RC beam carrying 50% of its bending moment capacity could hardly resist the flexural demands and fail.
RC beam's thermal profile:
The internal temperature distributions of the beam mid-span and the right beam end are shown in Figs. 2a and 2b. Thermal profiles of cross-sections at the loading points were similar to those of the mid-section and thus, not presented here. The observations and results are summarized as follows.
• The 40 mm concrete cover at beam at its end crosssections were in average 130℃ cooler than those of the mid-sections, owing to the heat flux diffusing influence of the unheated upper columns.
• Sharp temperature rise at locations beneath the concrete cover was noticed, which apparently did not cause any concrete spalling.
• Due to the transition of free water content of concrete from the heated outer layers toward the inner cold layers, a temperature plateau appeared at the core concrete.
• During furnace cooling, which continued for 60 minutes, the hot furnace air (as high as 948 ℃ ) sharply cooled to temperature as low as 162℃. Nevertheless, the temperature rise at longitudinal reinforcements reversed approximately 10 minutes later.
• The most noticeable issue during the furnace cooling was the temperature rise of core concrete from roughly 100℃ to as high as 350℃ in the mid-span. This thermal response is assumed to occur as a result of evaporation of accumulated free water within the core layers, which consequently allowed the concrete to raise temperature. Column and joint's thermal profile: Figures 2c and 2d show the internal temperature distributions of the lower concrete column top and joint cross-sections, respectively.
• The temperature difference (165℃, max.) between the corner and edge bars was noticeable.
• The permeability of the cast normal weight concrete was seemingly large enough to prevent concrete spalling by diffusing the pore pressure build-up beneath the concrete cover.
• Similar to the beam, the temperature rise in the core concrete of columns during furnace cooling was remarkable.
• The joint attained lower temperatures (150℃ in average) compared to the lower column top's thermal cross-section. under the fire exposure and peaked at 19.02 mm approximately 10 minutes during the furnace cooling. Following that, a relatively slow deflection recovery was observed. Although the tensile reinforcements of the beam's mid-sections exceeded the critical temperature 500℃, the test specimen could satisfactory sustain the vertical loads. The detrimental impact of fire damage to the beam was noticeably compensated by the axial and rotational restraints at the beam ends. The former increased the flexural moment capacity of the beam by self-generated prestressing forces and the latter benefited the beam to encounter the mid-span deflection. Meanwhile, the side columns and joints could apparently bear the external demands imposed by the beam.
Post-fire residual load bearing capacity test
As it was mentioned earlier, the first sign of strength recovery of the test specimen was the reverse deflection of the RC beam. Strength recovery of the embedded steel bars is attributed to such structural response during cooling phase. However, the beam was unlikely to fully bounce back to its pre-fire deflection state due to the extensive accommodated crack damages, irrecoverable compressive strength loss of concrete, and deterioration of bond strength between the steel bars and concrete.
The test specimen was kept in the test laboratory at temperature (15~18℃) with 50~60% air moisture for six months. The residual test setup is shown in Fig. 4a .
The reverse installation of the test specimen benefited the loading jacks a stiffer support when maximum stroke length of the loading jacks was needed. However, because the fire-exposed lower columns had no axial restraints, observing the axial load bearing performance of the columns was not possible. Thus, the measurable structural response of the test specimen was limited to the relationship between the applied transverse loads and the beam deflection, as plotted in Fig. 6 . The test was carried out in three loading cycles. In each cycle, the beam was loaded to a certain load and fully unloaded. The load level at each cycle was determined based on the observed damage and the load bearing performance of the test specimen.
Load bearing performance: Figure 6b shows the load-deflection curves of the RC beam mid-span in a deflection range between 0.0 to 5.5 mm. The test results are plotted as solid lines. As can be identified in the figure, the RC beam apparently underwent severe stiffness degradation such that under the same load level the cooled RC beam exhibited approximately five times larger relative mid-span deflection (3.87 mm). Nonetheless, since this deflection was smaller than the allowable initial or short-term deflection l/360 (l is beam clear span) (ACI 318-08 2007) , the structural performance of the test specimen under the design service load was acceptable.
At larger load levels in the first loading cycle, the sharp yielding point at load of approximately 80 kN could signal the onset of yielding of the longitudinal reinforcements of beam at its both end cross-sections. Following that, the sign of concrete cover spalling was observed at peak load of 123 kN. The test specimen was then fully unloaded before performing the second round of loading. Figure 4b shows the global aspect of the test specimen at the peak load of the third and last loading cycle. As can be observed in the figure, the concrete beam accommodated major flexural and shear cracks at its mid-sections and shear spans, respectively. The extents of damage at the beam ends are shown in Fig. 5c and 5d. A wide diagonal crack at the mechanical anchorage surface appeared in the first loading cycle, which extended to the upper column in the subsequent loading levels. On the other hand, the hook anchorage could apparently well sustain the integrity of the joint.
Numerical analysis
3.1 Pre-heating analysis 3.1.1 Finite element modelling Model discretization: As no identical test specimen was constructed to perform similar vertical loading test, a 2D FE model was developed in a sophisticated nonlinear FE analysis code, named FINAL (Itochu Technosolution Co.). This computer program is capable of performing thermo-structural. The model is schematically illustrated in Fig. 7(a) . The symmetric geometry of the test specimen benefited the FE model in element dimensions and computation time. The model consisted of 749 nodes, 1083 four-node plane shells for concrete, 411 two-node truss elements for reinforcements, and 72 four-node interface elements for simulating bond between concrete and reinforcements of the RC beam. Full bond between concrete and reinforcement elements of the columns was considered. As it is shown in the figure, roller support restraints were applied to the nodes of the beam mid-span and the bottom of the lower column. The two top and bottom steel beams were considered as very rigid members and thus, the lateral displacements of the lower column bottom and upper column top were restrained. [ .
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where σ P and ε P : stress and strain at the peak point under multi axial stress, respectively, σ B : uniaxial compressive strength, E 0 : the elastic modulus and E B & E P : secant moduli corresponding to σ P and σ B , respectively. Strain ε P in the above equations was calculated based on Amemiya and Noguchi (1990) proposed equation, which is expressed as 6 (0.134 1690) 10
For the failure in biaxial compression Kupfer-Gerstle (1973) failure criterion was adopted. The stress-strain relationship of concrete in tension was assumed to be linear elastic up to the concrete tensile strength at which beyond this point concrete cracks. The tension stiffening model proposed by Izumo (1987) in Eq. (3) was used to formulate the nonlinear decreasing tensile branch. By using a smeared crack model the abovementioned postcrack behavior of concrete was taken into account. 
where E s is modulus of steel elasticity, σ y is yield stress, and ε y is yield strain.
The bond element in this study was considered to solely bear shear stress between concrete and steel elements. The employed bond stress-slip relationship, which is recommended by fib Code Model (2010), was consisted of an ascending branch until reaching slip s 1 at bond strength and a constant bond strength plateau at larger slip values, defined as
where τ and s are bond stress and slip, respectively. In Eq. (5) 
FE results and discussion
The analysis results are plotted in Figs. 6a and 6b. The initial load-deflection curve of the pre-fire loading test is plotted in Fig. 6b . Good agreement between the prefire loading test and analysis results can be seen. At larger load levels of 133 and 144 kN the analysis results showed the onset of tensile reinforcements yielding at beam ends and mid-span, respectively. At larger deflections the FE model exhibited concrete softening behavior until the model could no longer sustain the excessive numerical instabilities. Based on the FE results, the test specimen could lose approximately 50% and 30% of its stiffness and load bearing strength, respectively. The term stiffness here is defined as the line connecting the zero load-deflection state to the load and deflection at which the beam ends yielded. The dashed curve in the figure (Pre-fire: FE full plastic) represents the analysis results in which the softening behavior of concrete in compression after exceeding compressive strength was neglected and instead, full plastic model was adopted. Although this material modeling approach resulted in minor numerical instabilities, at deflections greater than 20 mm considerably large discrepancies between the two curves occurred. Thus, to avoid overestimated predictions employing robust material constitutive laws for concrete is recommended.
Post-heating analysis
In order to evaluate the residual load carrying capacity of the cooled test specimen, equivalent temperature gradients of the test specimen were derived in the first place. By doing this, the non-uniform 3D temperature gradients of the test specimen at different cross-sections were equalized to a series of representative 2D equivalent temperature curves. To do so, the recorded internal temperature distributions of the test specimen were combined with the analytical thermal contours derived from 3D thermal analysis on this section. Having calculated the equivalent temperature distributions along the elevations of the cross-sections, the authors assigned appropriate material properties to the previously developed model in this study. As a result, the modified FE model could produce very satisfactory results.
Thermal analysis and results
For the purpose of thermal analysis the 3D model shown in Fig. 8a was developed. The mesh discretization in X-Z plane was similar to that of the 2D model in Fig. 7a . This model solely consisted of 3192 eight-node solid elements for concrete. The thermal conductivity λ and specific heat capacity C of concrete were defined based on Eurocode No.4 (CEN 1994) . The ISO 834 standard fire temperature was determined as the thermal boundary condition. Radiation was considered as the main heat transfer mechanism between the fire and concrete surface. Configuration factor φ, which relates the proportion of the radiation that leaves the emitter surface and strikes the receiving surface, was 1.0 in this study. The emissivity ε, which indicates the efficiency of the emitting surface as a radiator and is essentially a property of the surface of a material rather than an intrinsic property of the material itself, was 0.9.
The analytical internal temperature distributions of the test specimen are plotted as dashed line in Fig. 2 . Considerably good agreement between the test and analysis results can be seen. As FINAL does not consider free water transition in concrete during heating, relatively large discrepancy between the test and analysis, especially after cooling occurred.
Equivalent temperature estimation
The analytical temperature contours of representative cross-sections of the beam and columns after 60 minutes of heating are shown in Fig. 8b . Uniform temperature distributions along the beam length, column height, and joint section were considered. To take into account the aforementioned temperature rise in core concrete, the minimum temperature of concrete elements was considered as 250℃. The equivalent temperatures along the height of the beam cross-section and the width of the column cross-section were calculated. The equivalent temperature at each elevation of the cross-section was calculated based on the temperature, which produced the same average residual compressive strength. The ratios of residual (after cooling) compressive strength are listed in Table 1 . The results are plotted in Fig. 8c . The equivalent temperature curves calculated based on merely average temperature with and without considering furnace-cooling temperature rise in core concrete are plotted in Fig. 8c as well. As it is evident in the figures, neglecting the temperature rise of core concrete during furnace cooling is unsafe.
Residual load bearing capacity prediction
To assign a single temperature to each element of the FE model in Fig 7a, the equivalent temperature curves in temperature dependent factors (residual) in Table 1 . As the temperatures of steel bars were below 600℃, material properties of steel at room temperature were not modified (see Table 2 ). Regarding the bond elements, based on the equivalent temperatures at the elevations of the top and bottom longitudinal bars of the RC beam, 30 and 70% bond strength reduction values (Morley & Royles 1983 ) were adopted, respectively. To reduce the numerical instabilities, a full elastoplastic stress-strain model for concrete in compression was employed. The load-displacement curve of the analysis is plotted in Figs. 6a and 6b. As can be seen in the figures, the model could trace well the test results. The model predicted approximately 10% lower ultimate load bearing capacity, which stands on the safe side.
Conclusion
In this paper, fire and post-fire structural response of a reinforced concrete moment-resisting frame was experimentally and numerically investigated. The following conclusions and remarks can be drawn:
• The fire test revealed that considerable temperature rise could happen within the inner cold layers of concrete during cooling. Such a phenomenon might not be fully captured by computer programs and thus, special care should be taken.
• The fire test results showed that owing to the natural strength recovery of the steel reinforcement when cooled, the excessively deflected mid-span could considerably bounced back (not fully) to its initial deflection state. The unrecovered deflection was due to the occurrence of thermal cracks during cooling and lack of strength recovery of concrete.
• By comparing the analysis and the vertical loading test results on the cooled test specimen it was found the beam could lose 30% of load bearing capacity. Moreover, the mid-span deflection under the same design load before fire and after cooling implied 50% stiffness loss. Nevertheless, the residual mid-span deflection was below the serviceability deflection limits.
• The proposed analytical approach in estimating the post-fire result strength of the test specimen in this study could predict the residual strength test results with considerably good accuracy. 
